v

The importance of e+A
collisions at an
Electron-lon Collider

X (p,/
P,

Three quarks

held together

by gluons

Matthew A. C. Lamont Gluon spfs o

: K St 5 Quarks split int
Brookhaven National Lab Wy g R
00~ ¢7 | "y into quarks ...

BROOKHFIVEN

NATIONAL LABORATORY




UVARK'S 20, /?

W °a a

What did we learn from e+p collisions at HERA?
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What did we learn from e+p collisions at HERA?
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What did we learn from e+p collisions at HERA?
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What did we learn from e+p collisions at HERA?

2

0r(0,Q°) = B @,Q") — J7 Fi(2.Q7)

Py HERA F,

00080 — zeusnoacon | Ocaling violation: dF,/dInQ? and linear DGLAP Evolution = G(x,Q?)
_H1PDF2000f|t 1 \\\\\\‘ \\\\\\‘ \\\\\\‘ T T TTT

F,-10g,¢(x)

H1 94-00 ~ —— HERA-I PDF (prel.) Q2 =10 GeV2

H1 (prel.) 99/00 i . . |
B experimental uncertainty

>

= ZEUS 96/97 B .
4 » BCDMS 0.8 model uncertainty |
o E665 - HERA Structure Functions Working Group 1

Nucl. Phys. B 181-182 (2008) 5761

1 10 102 10° 10* 10°

Q%(GeV?)
Hot Quarks 2012: macl@bnl.gov 2




What did we learn from e+p collisions at HERA?
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Saturation Scale, Qs
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A

saturation -~

e As we go higher in energy (larger o

values of 1/x) we move away
from the linear BFKL regime to
the non-linear BK/JIMWLK realm

e Take advantage of the fact that
gluons are self-interacting

Y =1In 1/x

non-perturbative region

A BFKL
= Not only can we have gluon DGLAP _
splitting, but also recombination
> Tame the explosive growth of Aé'CD In Q?
the gluon density in the nucleon os~1 og < 1

observed from fitting HERA data

splitting recombination

= -+
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Nuclear “oomph” effect

e \When we accelerate the

Boost

nucleus to high energy,
we give it a Lorentz boost

® [ncoming probe interacts
coherently with all of the
nucleons in the nucleus

= ()s IS given a boost

simply by the geometry 5
of the collision system o
2 1/3 1 )\ : Color Glass Condensate
Ageo
QS (x) ™ A - Confinement Regime
L 107 107
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Nuclear “oomph” effect
A

Pocket formula: QZ(z) ~ A'/*

10

Q2 (GeV?)

2
Qs’quark MOdel'I

—— Au, medianb --- b=0

—— Ca, median b
— p, medianb

10

10°°

107
X

1

X

A

X

1/3

Q? (GeV?)

2

Qs’quark, a” b=0

Au, Model-I|
Au, Model-I

Ca, Model-Il
Ca, Model-I|

10

Hot Quarks 2012: macl@bnl.gov

10°°

107
X



Q“‘ QUARKS 20, %> 5

NA
B
Q

(9V]
e/

What do we know about the structure of nuclei?
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e e+p data covers large part of phase space

= low x and large Q2

e e+A data only a small fraction of this (e+A was a fixed target programme at

HERA)
= high-medium x and low Q2
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What do we know about the structure of nuclei?

0.8
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The distribution of valence and sea
guarks are relatively well known in nuclei -
theories agree well
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What do we know about the structure of nuclei?
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Constra DY quarks are relatively well known in nuclei -
- onstrained Dy theories agree well
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What do we know about the structure of nuclei?
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guarks are relatively well known in nuclei -

oy DY theories agree well

by sum rules Large discrepancies exist in the gluon
distributions from models for mid-rapidity
LHC and forward RHIC rapidities !!
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The need to know the gluons - initial conditions
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Fractional contribution to cross-section
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The need to know the gluons - initial conditions

Hot Quarks 2012: macl@bnl.gov

) ) T T T T ) T T T T i 25 I 25 T T
— RHIC Vs =200 GeV NLO, =0, y=0
—LHC +Vs=5.5TeV calc. by W. Vogelsang | Glauber CGC - T]/S=10'4
- 20 - - 20 - -
2 Wl Juis=t0t T 45l | n/s=0.08
S S
_ S  1/s=0.08 & y 1/5=0.16
SN 10F Jn/s=0.16  SM10 | e®
"
®
! 5 - 5 -
® RHIC data
L i . 0 : 0 ;
5 10 50 100 500 0 1 2 0 1
pt (GeV/c) pr (GeV) pr (GeV)
Rh
A - - -
- (a) _— Model:K(S) with jet conversion 10 | -~ - ) - Ly
o Model: K { without jet conversion T $§++TTH§ Tl II"*?TI$ -3 1 4 ‘ﬂ%%%
- 0 08$*¢+ i+;f$‘$$%fflf Ly
g A Ap L L R R R R AL
= m K* 7l V«7K0 - et i B -
gt +p(P) Ky 06 [ +* e He| v Kr H#
- H - A Ne|[ = Xe Tt n
= i T I A
Wt 10 | i AN, SR
yvocs I o S N AR N iy I TF rcdeeet b st rrlIT et
e NIaki. W i T oy S I U S N SOPOr S S O R O R S S S
| ,”T*i§+ifi,*‘* 4 | " 4 *Lz‘:iiu
‘t $ * i u + Jf” “‘ Yy “mu
B i ‘ 0 PR, i =t [ Te B L R
I e AL e Lk AL 05 " 1i,* — 5 . — T
- IR ] o | —
B ! . ! . . ! ! . ! i i it P
4 6 10 12 14 o L | 0 | LI ol
pT(GeV/c) 10 20 0.5 11 10
v (GeV) z Q* (GeV?)



o a Why e+A and not p+A?

e Hadron-Hadron e Electron-Hadron (DIS)

h%g

—<— h

= Probe/Target interaction

directly via gluons = Explore QCD and hadron

structure via point-like probe

= Multiple colour interactions
possible between probe and
target

= Indirect access to glue via
modification of EM interaction

= High precision and access to

= |acks the direct access to info Tt ,
partonic kinematics

of partons

Hot Quarks 2012: macl@bnl.gov



o a Why e+A and not p+A?

e Hadron-Hadron e Electron-Hadron (DIS)

h—év\g

—<— h

= Probe/Target interaction

directly via gluons = Explore QCD and hadron

structure via point-like probe

= Multiple colour interactions
possible between probe and
target

= Indirect access to glue via
modification of EM interaction

= High precision and access to

= |acks the direct access to info i _
partonic kinematics

of partons

Both are complementary and provide excellent information on
properties of gluons in the nuclear wave functions

Precision measurements = ep, eA
Hot Quarks 2012: macl@bnl.gov



Why e+A and not p+A?

h ;E‘ ‘
|‘ Scattering of protons on protons L h
is like colliding Swiss watches to find out how they are |
built.
-~ P |
d R. Feynman be
E pction
\ |
- |g‘l 1 to
° *
Botl ]on

Precision measurements = ep, eA
Hot Quarks 2012: macl@bnl.gov
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eRHIC:

= Ultilises the RHIC ion
beams

= [wo 2.45 GeV Energy
Recovery Linacs (ERLS)
accelerate the e- beam

>

6 separate rings
accelerate the e-up to
a maximum energy of
30 GeV

= 2-stage approach

>

>

Stage 1: e~ 5-10 GeV
Stage 2: e- 20-30 GeV

= Space for new detector
at IP12

>

Possibilities for
collisions in current
STAR and PHENIX IPs

The eRHIC project

5.50 GeV

10.4 GeV

15.3 GeV

20.2 GeV

25.1 GeV

30.0 GeV

Hot Quarks 2012: macl@bnl.gov
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e eRHIC:
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The eRHIC project

eRHIC:

= Ultilises the RHIC ion
beams

= [wo 2.45 GeV Energy
Recovery Linacs (ERLS)
accelerate the e- beam

> 6 separate rings 30 GeV e ring

accelerate the e-up to
a maximum energy of
30 GeV

30 GeV ERL
6 passes

" HE ERL passes

beam height

= 2-stage approach
> Stage 1: e 5-10 GeV
> Stage 2: e 20-30 GeV

LE ERL passes

N &
- , x &
= Space for new detector o e Y LY Ty T e T w
at IP12 CENTER OF RING

i

> Possibilities for
collisions in current
STAR and PHENIX IPs
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The eRHIC project

e eRHIC:
= Utilises the RHIC ion AL B A AR
b 103 Measurements with A = 56 (Fe): -
eams - e eA/uADIS (E-139, E-665, EMC, NMC)
= Two 2.45 GeV Energy L = VADIS (CCFR, CDHSW, CHORUS, NuTeV)
: [ o DY (E772, E866
Recovery Linacs 1021 ( ) « 08" _
(ERLs) accelerate the _ ¢ 00000 0 5 o uia g pumn
e beam > oo s AL
. O N R R T LT
> 6 separate rings o UF R SR N i
accelerate thee-up © R
toamaX|mum . - :.EIE Esi::lsn e o o0
energy of 30 GeV gLpenturbative P i
- non-perturbative < ': = =z o= ot
= Space for new . 4 H M
detector at IP12 e
01 Ll 1 ool 1 Lo 1l ] Lol 1
> Possibilities for 107 107 1072 107 1
X

collisions In current
STAR and PHENIX
IPs
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e eRHIC:
= Utilises the RHIC ion
beams

= Two 2.45 GeV Energy

Recovery Linacs

(ERLs) accelerate the

e beam

>

6 separate rings
accelerate the e- up
to a maximum
energy of 30 GeV

= Space for new
detector at IP12

>

Possibilities for
collisions in current
STAR and PHENIX
IPs

The eRHIC project

III 1 1 1 1 IIIII 1 1 1 1 IIIII III
10%E Measurements with A = 56 (Fe):
- e eA/pA DIS (E-139, E-665, EMC, NMC)
m vA DIS (CCFR, CDHSW, CHORUS, NuTeV)

o DY (E772, E866) .
102 = I.I : :II E

— [,02°°2 0% wam e wann

N D 0000 O ‘a®* & A nm & @unmn

9 2 e o o o eoe

% Q- 00000 O ® WOs eme =m ;.I:IIII
S ol o o Woof. ¥ §ouEy EuEE
o § R R N L
C L HE H A Y E YT
R R L
. - :..I...' e B e o o0 -

’ perturbative el one = .
F non-perturbative - - ]
0-1 I L I L1 L1
107 103 1072 107 1
X
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e eRHIC:
= Utilises the RHIC ion
beams

= Two 2.45 GeV Energy

Recovery Linacs

(ERLs) accelerate the

e beam

>

6 separate rings
accelerate the e- up
to a maximum
energy of 30 GeV

= Space for new
detector at IP12

>

Possibilities for
collisions in current
STAR and PHENIX
IPs

The eRHIC project
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The eRHIC project

e eRHIC:
= Utilises the RHIC ion T
b 103 Measurements with A = 56 (Fe): .
eams - e eA/uADIS (E-139, E-665, EMC, NMC)
= Two 2.45 GeV Energy [ = VA DIS (CCFR, CDHSW, CHORUS, NuTeV)
' . [ o DY (E772, E866)
Recovery Linacs 1021 « 08" _
(ERLSs) accelerate the _ ,29°°° 9y § mm w §man
o 2 .l EEE
e- beam > oo R S
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4 6 Separate rlngS Ql é_ :-E : E !OE : : 0'0.0 (XY En
acceleratethee-up < [, B
to a maximum Ay, Medjan 4, . L f.f f : i: e e
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= Space for new \ =+
detector at IP12 ‘ P. Median b .
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> 10 107 107 10 1

Possibilities for
collisions in current
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10 week INT programme - Autumn 2010

Gluons and the quark sea at high energies: distributions, polarization,
tomography

September 13 to November 19, 2010

-
e ————————UpEe e vy
.....

e S T B . & S5 S o o 4 \
bk,
-
.

000
>
s R
N
O
BE  Coor Glass Condensate g
Agco
Confinement Regime
200 135 s aan e
40 1072 107 s ”
A
X

This INT program will address open questions about the dynamics of gluons and sea quarks in the
nucleon and in nuclei. Answers to these questions are crucial for a deeper understanding of hadron and
nuclear structure in QCD at high energies. Many of them are relevant for understanding QCD final
states at the LHC, which often provide a background for physics beyond the standard model. The topics
addressed in this program have important ramifications for understanding the matter produced in heavy-
ion collisions at RHIC and the LHC.

http://www.int.washington.edu/PROGRAMS/10-3/

Hot Quarks 2012: macl@bnl.gov 12
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10 week INT programme - Autumn 2010

week | dates topics
13-17 Workshop on "Perturbative and Non-Perturbative Aspects of QCD at
1 Sept Collider Energies"
P Agenda
o0—p4 | OPEN conceptual issues: factorization and universality, spin and flavor
2 Sept structure, distributions and correlations
P Agenda

small x, saturation, diffraction, nuclear effects; connections to p+A and
A+A physics; fragmentation/hadronization in vacuum and in medium

Agenda for week 3
Agenda for week 4
Agenda for week 5

parton densities (unpolarized and polarized), fragmentation functions,
6—7 18-29 | electroweak physics
Oct Agenda for week 6
Agenda for week 7
longitudinal and transverse nucleon structure; spin and orbital effects
8-9 1-12 (GPDs, TMDs, and all that)
Nov Agenda for week 8
Agenda for week 9
10 16—-19 | Workshop on "The Science Case for an EIC"
Nov Agenda for week 10

http://www.int.washington.edu/PROGRAMS/10-3/

Hot Quarks 2012: macl@bnl.gov
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The EIC Science case: 311006 and the quark sea at high energies:

a report on the joint

sNUINTLab program distributions, polarization, tomography

Editors:
D. Boer
Rijksuniversiteit Groningen, The Netherlands

M. Diehl
Deutsches Elektronen-Synchroton DESY, Germany

R. Milner
Massachusetts Institute of Technology, USA

INT Writeup....

® ~ 6 months to write

= 189 authors

= 7/ chapters, 550 pages

e arXiv:1108.1713
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Followup EIC White Paper

Electron Ion Collider:

The Next QCD Frontier

Understanding the glue that binds us all
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Chapter 3

The Nucleus: A Laboratory for
QCD

QCD, the accepted theory of strong interactions, is in general very sucoessful in describing
a broad range of hadronic and muclear phenomena. One of the main achievements in our
understanding of QCD is the running of the strong coupling constant and related to it
asymptotic freedom, which is 2 name for the theoretically predicted and experimentally
established fact that quarks and gluons are almost free at very short (asymptotic) distances
inside the hadrons [113, 114]. QCD is often studied in the deep inelastic scattering (DIS)
experiments, in which one probes the inner structure of the proton or nucleus by scattering
a small probe (a lepton) on it. The lepton probes the quark distribution in the proton or
nucleus by exchanging a photon with it. The past DIS experiments were very successful in
determining the quark structure of the proton and of some light nuclei.

Despite the many successes in our understanding of QCD, some profound mysteries
remain. One of them is quark conflnement: quarks can not be free (for a long time) in
nature and are always conflned inside bound states - the hadrons. Another one is the mass
of the proton (and other hadrons), which, at 938 MeV is much larger than the sum of the
valence quark masses (about 10 MeV). Both of these problems at the moment can only
be tackled by mumerical QCD simulations on the lattice. The current consensus is that
the gluons are responsible for both the quark confinement and much of the hadronic mass.
The gluons, which bind quarks together into mesons (bound states of a quark and an anti-
quark) and baryons (bound states of three quarks), significantly contribute to the masses
of hadrons. At the same time gluons are significantly less well-understood than quarks.
Unlike photons, the carriers of the electromagnetic foree, gluons interact with each other.
The underlying non-linear dynamics of this self-interaction is hard to put under theoretical
control. Gluons are quite little-studied for particles providing over 98% of the proton and
neutron masses, generating much of the visible matter mass in the Universe.! In addition,
it = known that gluons play a dominant role in high energy DIS, hadronic and nuclear
collisions, being responsible for much of the particle production and total cross sections
in these processes. In high-energy heavy-ion collisions it is the gluons which are likely to
be responsible for production and thermalization of the medium made out of deconfined

'One may compare the gluons to the Higgs boson, the scarch for which rocived a ot of attention in
rocent docadas: while the Standard Model Higgs, if found, would acccunt for the masses of all the known
quarks aloag with the W+ and Z bosons, this would still add up to caly about 5% of the mass in the vaible
Universe.
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The gluons, which bind quarks together into mesons (bound states of a quark and an anti-
quark) and baryons (bound states of three quarks), significantly contribute to the masses
of hadrons. At the same time gluons are significantly less well-understood than quarks.
Unlike photons, the carriers of the electromagnetic force, gluons interact with each other.
The underlying non-linear dynamics of this self-interaction is hard to put under theoretical
control. Gluons are quite little-studied for particles providing over 98% of the proton and
neutron masses, generating much of the visible matter mass in the Universe.! In addition,
it = known that gluons play a dominant role in high energy DIS, hadronic and nuclear
collisions, being responsible for much of the particle production and total cross sections
in these processes. In high-energy heavy-ion collisions it is the gluons which are likely to
be responsible for production and thermalization of the medium made out of deconfined

'One may compare the gluons to the Higgs boson, the scarch for which rocived a ot of attention in
rocent docadas: while the Standard Model Higgs, if found, would acccunt for the masses of all the known
quarks aloag with the W+ and Z bosons, this would still add up to caly about 5% of the mass in the vaible
Universe.
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Understanding the glue that binds us all
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e Final draft has just been released to the community for consideration
e 148 pages in total

= 50 pages of which dedicated to discussing e+A part of the project
Hot Quarks 2012: macl@bnl.gov



@ Fundamental questions which arise:

e \WWhat is the role of strong gluon fields, parton saturation
effects and collective gluon excitations in scattering off
nuclei?

= tantalising hints of a saturated/CGC regime have been
observed at HERA/RHIC/LHC
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Fundamental questions which arise:

e What is the role of strong gluon fields, parton saturation
effects and collective gluon excitations in scattering off
nuclei?

= tantalising hints of a saturated/CGC regime have been
observed at HERA/RHIC/LHC

e Can we experimentally find the evidence of non-linear
QCD evolution in high-energy scattering off nuclei?

= X-dependence of DIS cross-sections and structure
functions

= [he discovery of the saturation regime would not be
complete without unambiguous evidence in favour of
these non-linear equations

Hot Quarks 2012: macl@bnl.gov 15



@ Fundamental questions which arise:

e What is the momentum and spatial distribution of gluons and
sea quarks in nuclei?

= | arge-x: the physics of multiple scatterings at allows us to
reconstruct the momentum and impact parameter
distributions of gluons and sea quarks in nuclei

= Small-x: momentum distribution may allow us to identify the
saturation scale, Qs
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@ Fundamental questions which arise:

e What is the momentum and spatial distribution of gluons and
sea quarks in nuclei?

= | arge-x: the physics of multiple scatterings at allows us to
reconstruct the momentum and impact parameter
distributions of gluons and sea quarks in nuclei

= Small-x: momentum distribution may allow us to identify the
saturation scale, Qs

e Are there strong colour (quark and gluon density) fluctuations
inside of a large nucleus? How does the nucleus respond to
the propagation of a colour charge through it?

= Need to understand fluctuations in order to fully understand
the spatial and momentum distributions of sea quarks and
gluons

Hot Quarks 2012: macl@bnl.gov 16



QU OURRKS 25, §

Important Measurements

Deliverables Observables What we learn Stage-1 Stage-ll
. nuclear wave
iIntegrated gluon . gluons at . .
AN FoL function; ) saturation regime
distributions . 103 <x<1
saturation, Qs
kT dependent . non-linear QCD
_ di-hadron . .
gluons; . evolution / onset of saturation measure Qs
: correlations . .
gluon correlations universality
b-dependent DVCS; interplay between .
_ . . . moderate x with smaller X,
gluons; diffractive vector | small-x evolution | .. . .
. : light, heavy nuclei saturation
gluon correlations mesons and confinement
transport _ parton energy I.OSS_’ light flavours and rare probes and
. . large-x SIDIS; shower evolution; _ _
coefficients in cold . charm; bottom;
jets energy loss .
matter . jets large-x gluons
mechanisms

Hot Quarks 2012: macl@bnl.gov
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Important Measurements

See talk later today by Tobias Toll

b-dependent
gluons;
gluon correlations

DVCS;
diffractive vector
mesons

iInterplay between
small-x evolution
and confinement

moderate x with
light, heavy nuclei

smaller X,
saturation

Hot Quarks 2012: macl@bnl.gov
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QU OURRKS 25, §

Integrated gluon distributions
from inclusive structure functions

Deliverables Observables | What we learn Stage-| Stage-ll
iIntegrated nuclear_ weTve gluons at saturation
gluon FoL function; 108 < x < 1 edime
distributions saturation, Qs J
iIntegrated nuclear_ wave difficult saturation
gluon function; measurement / eqime
distributions \ | saturation, Qs | interpretation J

charm

AN

diffractive

Hot Quarks 2012: macl@bnl.gov
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The effects of higher-twist corrections on F

proton
3 Fleadz'ng twist Ny
L L B e
Fy B
AR e
= ] S
1 3
4 1D
Iogm(x) K 2 \OQ\QK

e Plotting F_-Fleading twist/F coming out of saturation inspired GBW
model

= protons: little effect of leading twist corrections, only starting to
come in at small-x and small Q2

19



The effects of higher-twist corrections on F

proton Au (A=197)
F Fleadzng twaest 0- fipi g | 0" AR
L L ) _2_"_ FIELITITAITAEZA .. - _' i
¢ T L T £ | T
FL L S L LTI
£ ] I R E,_,:‘ | 7 e I
L6 e e FEECEE o R
L\L/ i F e R L L\L/ 1 ey e
_8_:»
] 3 3
-10- 2 -10
) -4 1@
Ing(X) -3 5 \OQ\O IOg,O(X) -3 2 \0%‘\0

e Plotting F_-Fleading twist/F coming out of saturation inspired GBW
model

= protons: little effect of leading twist corrections, only starting to
come in at small-x and small Q2

= Au: much larger corrections coming from leading twist contributions

> nuclear “oomph” effects well manifested in the FL structure function

19



Measuring the gluonS' extracting FL

(0, Q%) = B2, Q%) — e, Q)
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Measuring the gluons: extracting FL

or(z,Q%) = F3'(z, Q%) Fi(z, Q%)

Y +
® FL ~ s XG(X,QZ)
= Q2/xs

= require an energy
scan to extract F.

Hot Quarks 2012: macl@bnl.gov 20



Measuring the gluonSQ: extracting FL

Y
or(r,Q?%) = F3'(r, Q%) F(x, Q%)

Y +
® FL ~ s XG(X,QZ)

> y = QZ/XS - 600 600
. ? 50 ] ecp 575 Gev{ 350
= require an energy : sw-: .., 160 GeV, 3 540
=] HERA | HERAII :
scan to extract Fp = | 450
Ti. 00 : \j’ : 40
* 3 different prOton é e 820 GeV 920 Gev 4,5\ I H 0
energies run at T : El
HERA g zmn—% / —~§ 200
TE HERA  upprade. / 3 150
= 2 low-statistics o - mprovement s _—— E
D = / ackground 1 100
runS _-'"é HlI upgrades » thlems _::: 50
) bad for FL "l!;'.a_' h —I“i".H—' -'l'!‘l!lli ‘ 1<v'!us | z(km 2902 | -_'u'u ' 3.{4..; | '_.-4-|:(|g“

extraction
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Measuring the gluonSQ: extracting FL

QR OUARKS 25, 5

or(7,Q%) = Fi(z,Q2) — L Fi(z, Q%)

o FI ~ 0 XG(X,QQ) H1 and ZEUS
°8 - QP=2GeV? 0 QP=27GeVE | QP=35GeV! [ Q'=45GeV’ ;,
Pl - - - ¥, =
m ) = Q?2/xs ’5% Pre, . B, . ¢ ~_ ."--\h =
. o I .
= require an energy ! -
scan to extract F L
o 3 different prOton ! Q% = 15 GeV? ; Q*= 18 GeV? Q? =22 GeV? ; Q* =27 GeV? §'
energies run at L d - - z
HERA " | ; | |
0 [ QP=35GeV? [ QP=45GeV? [ Q=60GeV [ Q'=70GeV? |2
= 2 |ow-statistics 13 : E
runs ' -
0
Q*=90Gev: [ Q*=120GeV’ 100 10" 10° 10!
i X
= bad for. FL 1 ® HERAINCe'p
extraction _ — L e e
0

10° 10

T, 920 GeV protons

HGL \ZUal N VI L. IIIGMIWUIII.SUV



Measuring the gluonSQ: extracting FL

Qﬁ‘ QUARKS 20, %> 5

o (@,Q) = Fw, Q%) — S Fil(2,Q?)

o FI ~ 0 XG(X,QZ) ~ H1 and ZEUS )
hb' 1.2 ;‘ Q% =25 GeV? n Q*=3.5GeV’ g
m Y = Q2/XS Z b 3 I{ :
‘. N - <
- require an energy ° o8 e iﬁ\; q\
scan to extract F. " 3
04 - @ HERA e'p(prel.) -

° 3 dlffe_rent proton [ V251GV 575 GeV protons
energles run at 0 E | | L1 1 lll | | | L1 E | | 1 llll 1 1 L1
HERA 1.2 E_ Q%= 5GeV? E_ Q’= 6.5 GeV?

- E i 3

= 2 low-statistics N }?ﬁ\ M S

0. — — =

runs _ E E HERAPDF1.0 + Low Energy Data -'2

0.6 s = (NLO - Standard RT-VFNS) i

= bad for F_ 04 | L — Q?>35GeV? E

: - - — Q*25.0GeV? =
extraction 02 - =

P S N ST -

- -

-4 -4
10 10

Hc X
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Measuring the gluonSQ: extracting FL

or(7,Q%) = Fi(z,Q2) — L Fi(z, Q%)

Q“‘ QUARKS 20, %> 5

o FL~ &s XG(x,Q2) ‘ H1 and ZEUS

S 12 [ n =
- y _ Q2 /XS ii | E_ Q%= 2.5 GeV? E_ Q*=3.5GeV? %
z [ - ;
= require an energy © s Kz_ 7{;;;\
scan to extract F " 3
. 04 - @ HERA e*p (prel.) —

e 3 different proton 2 | V=225 Ge 460 GeV protong
energies run at N T N SR
HERA 12 f_ Q*=5GeV’ f_ Q*= 6.5 GeV?

-  E 2 =

= 2 |low-statistics : ﬁh\ )ﬁ\\ &

0.8 [ =

runs F E HERAPDFL0 + Low Energy Data | =

06 C(NLO - Standard RT-VFNS) 52

= Dad for FL 04 [ Q7235 GeV? 2

: n [ — Q’25.0GeV? =
eX’[I’aC’[IOn 0.2 :— n g L)

N P PRI SRR =

10 10

Hc ) S



® FL ~ s XG(X,QZ)
= Yy = Q2/xs

= require an energy
scan to extract F

e 3 different proton
energies run at
HERA

= 2 |ow-statistics
runs

= bad for F
extraction

Measuring the gluonsé: extracting FL

or(z,Q%) = F3'(z, Q%)

Hot Quarks 2012: macl@bnl.gov
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Feasibility study: o (z.@*) = F'(2,Q*) - {5 Fi'(z. Q")
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Feasibility study: o (z.@*) = F'(2,Q*) - {5 Fi'(z. Q")

- Q2=2.7GeV2, x=103 stat. errors enlarged (x 50)
- sys. uncertainty bar to scale

Strategies: e oo S — oo
slope of y2/Y., for different s at ~ of
fixed x & Q2 >R
o 061

e+Au:; 1st Stage IE':T | Beam Energies AfLdt
5x50 - AfLdt = 2 fb" o oar TG i - oK
5x75 - Adet — 4 fb-‘] 02:_ 50n 100 GeV 4 b EPS09 (CTEQ)
5x100 - AfLdt = 4 fb- g s co N

. : [ Y Y {
running combined | O
~6 mOnthS tOtaI runnlng 1'2: Q2=27 GeV2,x=10'3 stat. errors enlarged (x 5)

Sys. uncertainty bar to scale

(50% eff)
statistical errors are swamped by  ~ !
the 1% systematic errors < |
<E;_| . :
Will be dominated by = oal
systematics, but would need a | Beam Energies AJLdt
. . . i n 50 GeV 2 fb-1
full detector simulation in order to 021 Jon7eGev 410 ——
: L 50n100GeV 4 1b EPS09 (CTEQ)
estimate them N R S R R
1 2 3 4 5 6 7

A
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kT dependent gluons, gluon correlations from

di-hadron correlations, SIDIS (semi-inclusive DIS)

Deliverables

Observables

What we learn

Stage-|

Stage-ll

Direct link between pr of produced
hadron and that of the small-x gluon

.
e+A— e {h) X

kT dependent
gluons

SIDIS at small x

non-linear QCD
evolution /
universality

onset of
saturation

rare probes and
bottom;
large-x gluons
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kT dependent gluons, gluon correlations from

e+A—re+h+h+ X

di-hadron correlations, SIDIS (semi-inclusive DIS)

Deliverables Observables | What we learn Stage-| Stage-ll
AT depend.ent . non-linear QCD
gluons; di-hadron . onset of
. evolution / . measure Qs
gluon correlations . . saturation
; universality
correlations
etA—2e+h+ X
- dependent non-linear QCD onset of rare probes and
T dep SIDIS at small x| evolution / . bottom:;
gluons ; . saturation
universality large-x gluons
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di-hadron Correlations in d+A

comparisons between d+Au — h, h, X (or p

_HAu—hih Xjandprp —hih, X e At y=0, suppression of away-
o2f- PARTIPOARGRO side jet is observed in A+A
- - —— p+p min. bias is\\'{'_AR .

: * Au+Au Central E CO I I |S|OnS

1Np1gqer IN/A(A)

e No suppression in p+p or d+A

= X ~ 102 ke ke

i <<
' o

Hot Quarks 2012: macl@bnl.gov 24



VARK'S 20 /?

W di-hadron Correlations in d+A

comparisons between d+Au — h, h, X (or p

AU b, X)andprp—hi X e At y=0, suppression of away-
- side jet is observed in A+A

g 0'2—_ - —— p+p min. bias is\‘ﬂﬂ

§ - * Au+Au Central . COII'SlOnS

5 ]

=3 e NO suppression in p+p or d+A

E - -. 5 "'._'.'“" ol Sl R '3 _y1 _y2
A T T m X ~ 1072 y _kle +k2€ <]
A ¢ (radians) A \/E
@ @
Ry ,ﬁg ; e However, at forward
. " s gugs
rapidities (y ~ 3.1), an
p+p —> n°n°+X, vs = 200 GeV d+AL = WPR%+X, Vs = 200 GeV, 2000 <5 Qg < 4000 : : :

§ 0.0225F p. >2 GeV/c, 1 GeV/c<prs<py & 003 pu>2GeV/e, 16eV/c<prs<pn away'S|de Suppl’eSSIOn IS
57 0.02F <m>=3.2, <15>=3.1 T <p>=3.1, <ne>=3.2 :
gg}.mm_— géoozs: HJrJr Observed IN d+AU
BEe 4 BE L)
£ 200150 1Ay - Sz 002f [ H .
S omst | 7\ T H;M ity | @ Away-side peak also
et [ 4 A e W "1 much wider in d+Au

0.00 75§— 741 4_ —r—+ + 0.01 _ Peaks d

0.005;3’"'7; T zeoks N gw c?.4si0.02 Compare to p+p

0.0025—§ AR o Eg‘éé £0.01 °'°°5§§/ STAR r 1754021 ;

w . . I 1 1 -
R e el IR Bk e S = x~10 24
Ap s l.gov




di-hadron Correlations in d+A

Q“‘ QUARKS 20, %> §

PN dHAu = 774X, Vs = 200 GeV, 2000< T Qa< 4000
o 003F pu>2GeV/c, 1GeV/c<ps<py
%,;_: SR <p>=3.1, <ne>=3.2
=2 0025 'HJr smee CGCHoffset
O -

55 oo [t
T S T4 b
S W et
23 0.015H e | R
BN -
! Peaks
0.01 Ay o
[ 0 0.48+0.02
0.005 §A-TAR n 1.752x0.21
Prellmlnary o |
05 -
%
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@3 di-hadron correlations in e+A

Never been measured - we expectto  ® At small-x, multi-gluon

see the same effect in e+A as in d+A distributions are as important
as single-gluon distributions
and they contribute to di-

0.18 [ Q%21 GeV2 hadron correlations
0.16 [- ep; N

= The non-linear evolution of
multi-gluon distributions is
different from that of single-
gluon distributions and it is
equally important that we
understand it

e The d+Au RHIC data is
therefore subject to many
uncertainties

= these correlations in e+A
Dominguez, Xiao and Yuan (2012) can help to constrain them
better
Hot Quarks 2012: macl@bnl.gov 25



@3 di-hadron correlations in e+A

Never been measured - we expectto  ® At small-x, multi-gluon

see the same effect in e+A as in d+A distributions are as important
as single-gluon distributions
and they contribute to di-
hadron correlations

l EIC stage-l|
| [Ldt=10fb-1/A

ptTIrigger > 2 GeV/c

1 < p_e#ssoc < p'[Trigger

Inl<4

0.2 . .
= | he non-linear evolution of

multi-gluon distributions is
different from that of single-
gluon distributions and it is
equally important that we
understand it

e The d+Au RHIC data is
_—— T therefore subject to many
2 2.5 3 3.5 4 4.5 uncertainties

0.15
eAu - nosat

Ceau(Ap)
(I | L | L | [

0.05
eAu - sat

= these correlations in e+A
Dominguez, Xiao and Yuan (2012) can help to constrain them
better
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e PHENIX measured Jqau - relative yield of di-hadrons produced in d+Au

di-hadron Correlations - relative yields

compared to p+p collisions

= Suppression in central events compared to peripheral as a function of xafrag

e (Curves come from saturation model

e (Can perform the same measurement in e+A collisions

i
i ‘ eAu - nosat
EIC stage-l|
i fLdt =10 fb'1/A
2
o L
—
i eAu - sat Q*=1GeV?
P99 > 2 GeV/e
1 <p_a|_ssoc <ptrigger
- T
Inl<4
|I II|IIII|IIII
-3 -2.5 -1.5 -1
Iogm(xg)

forward-forward

mid-forward

RHIC dAu, Vs = 200 GeV

—— peripheral

—=— central
|
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‘@ Summary and Conclusions

e The e+A physics programme at an EIC will give us an unprecedented
opportunity to study gluons in nuclei

e | ow-x: Measure the properties of gluons where saturation is the dominant
governing phenomena

e Higher-x: Understand how fast partons interact as they traverse nuclear
matter and provide new insight into hadronization

e Understanding the role of gluons in nuclei is crucial to understanding RHIC
(and LHC) heavy-ion results

Good headway can be made on these measurements already
with a stage-l eRHIC (Ec = 5 GeV)

e The INT programme in the Fall of 2010 allowed us to formulate the
observables in terms of golden and silver measurements

= A detailed write-up of the whole programme is on the ArXiv: 1108.1713

= An EIC White Paper (not just e+A) has just been released to the community
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